Knowledge of how interactions of clay minerals and extracellular enzymes (EEs) influence organic matter turnover in soils are still under discussion. We studied the effect of different montmorillonite contents on EE activities, using two experiments-(1) an adsorption experiment with a commercially available enzyme (α-glucosidase) and (2) an incubation experiment (10 days) where microorganisms were stimulated to produce enzymes through organic carbon (OC) addition (starch and cellulose). Soil mixtures with different montmorillonite contents were created in four levels to a sandy soil: +0% (control), +0.1%, +1%, and +10%. The potential enzyme activity (pEA) of four enzymes, α-glucosidase, β-glucosidase, cellobiohydrolase, and aminopeptidase, involved in the soil carbon and nitrogen cycle were analysed. The adsorption experiment revealed a reduction in the catalytic activity of α-glucosidase by up to 76% with increasing montmorillonite contents. However, the incubation experiment showed an inhibitory effect on pEA only directly after the stimulation of in-situ EE production by OC addition. At later incubation stages, higher pEA was found in soils with higher montmorillonite contents. This mismatch between both experiments, with a transient reduction in catalytic activity for the incubation experiments, points to the continuous production of enzymes by soil microorganisms. It is conceivable that microbial adaptation is characterized by higher investment in EEs production induced by increasing clay contents and a stabilisation of the EEs by clay minerals. Our results point to the need to better understand EE-clay mineral-OC interactions regarding potential microbial adaptations and EE stabilisation with potentially prolonged activities.
Introduction
Knowledge is rapidly expanding on the contribution of microorganisms to soil biogeochemical cycling in relation to the transformation, degradation and stabilisation of soil organic matter (OM) [1] [2] [3] . Extracellular enzymes (EEs) arising from microbial activities in soils are well recognized for their role in enabling them to degrade complex organic substrates into low molecular compounds that are readily assimilated by soil flora and fauna [1, 4] . Though still under debate [5] [6] [7] [8] , the catalytic functionality of these EEs is widely accepted to be significant for OM dynamics (storage and turnover) in soils. Any factor or a combination of factors that alter the production and activity of soil enzymes may, therefore, constrain these dynamics.
Many biotic and abiotic factors are known to control the effectiveness and efficiency of EEs and interactions between enzymes and their substrate in soils [9] [10] [11] [12] . The soil mineral matrix is one important factor, especially various clay mineral types and concentrations. Available studies have attributed the persistence and stability of many proteins, including EEs, to their association with clay minerals [13] [14] [15] . In soils, interactions of clay minerals and EEs often result in adsorption of EEs Soil Syst. 2019, 3, 64 2 of 16 as mediated by their affinity for mineral surfaces [16] . Clay minerals can react as considerable EE inhibitors, due to their binding capacities depending on the specific surface area, surface charge and cation exchange capacity. It was noted that reduced enzyme activities emerge when adsorption onto the clay mineral occurs in a manner that blocks enzyme active sites or in a way that causes enzyme deformation [16] . Nevertheless, enzyme activities could also be enhanced, or at least maintained, if the adsorption on clay minerals stabilizes their structure, which allows enzymes to retain their catalytic activities [14, 17] . As examples, β-glucosidase activities were found to be increased by the adsorption to montmorillonite [18] , whereas activities of phosphatase and urease were reduced by about 80% and 29% compared to their free counterpart [19, 20] . Furthermore, microorganism's adaptation to their local environment [21, 22] could also enhance their activities in terms of EEs production, most importantly the influence of the soil mineral composition. However, studies about the interactions between enzymes and clay minerals mostly cover adsorption experiments with pure clay minerals in buffered solutions [16, 20, 23] . Most investigations are based on commercially available enzymes [18, 19, 24] and studies that involve natural soils [25, 26] , where enzymes are produced by the resident microbial community, are less common. Thus, it remains less clear whether existing knowledge about EEs-clay mineral interactions in pure cultures directly mimic what obtains in natural soils with variable clay contents, where enzymes are produced by resident micro-organisms.
The objective of the present work was to study the importance of increasing montmorillonite contents on the potential enzyme activity (pEA) in manipulated soils. We hypothesized a reduced pEA with increasing montmorillonite contents, which was tested by an adsorption experiment. Additionally, we used an incubation experiment to study the effect of increasing montmorillonite contents on pEA of the enzymes produced by the resident microbial community with a focus on their initial response. For both, the adsorption and incubation experiment, a manipulated soil with increasing clay contents were produced from sandy soil by the addition of different amounts of montmorillonite. The resident microbial community was stimulated to produce EEs by the addition of organic substrates differing in decomposability, i.e., starch and cellulose.
Materials and Methods

Soil Materials and Preparation
The soil used in this study was collected at a research site located at Eberswalde-Müncheberg, Germany (52 • 30 55.0 N 14 • 07 40.5 E). The predominantly sandy soil was collected at 0-10 cm depth from an erosion hill slope. The soil was classified as a Cutanic Luvisol developed from glacial till. The till was deposited during the Weichselian glaciation. The clay mineral assemblage of soils developed on this material (mainly Luvisols) is very homogenous [27] . The XRD analysis of the <2 µm soil fraction close to our study site (description of this site [28] ) revealed illite (31%), illite-smectite mixed-layer minerals (61%), kaolinite (7%), and traces of chlorite and quartz (pers. comm. M. Sommer, ZALF, 13 July 2019). Our soil had a C content of 5.9 mg g −1 , a cation exchange capacity of 6.3 cmol c kg −1 (base saturation 21%), and contained 0.8 mg g −1 and 0.4 mg g −1 oxalate extractable Fe and Al, respectively, and 2.7 mg g −1 dithionite extractable Fe [29] .
The soil was air-dried at 38 • C and sieved to <2 mm. Afterwards, the macroaggregates >250 µm were softly broken by applying mortar and pestle and particulate OM was removed by electrostatic attraction [30] to reduce the amount of labile C. The original soil had a textural composition of 86.4% sand, 9.2% silt, and 4.4% clay. From this, four different treatments with increasing clay content were prepared by adding montmorillonite (2:1 clay mineral) in a logarithmic scale of +0%, +0.1%, +1%, and +10%. After the addition of the montmorillonite, the soil was then mixed manually until homogenisation. The soil without montmorillonite addition (+0%) was used as control.
Experimental Setup
We studied the influence of increasing clay contents on the pEA in soils through two complementary experiments using the same soil materials with increasing montmorillonite contents for firstly adsorption and secondly an incubation experiment.
In the first experiment, a conventional adsorption experiment was conducted with a commercially available enzyme, α-glucosidase (AG) from Saccharomyces cerevisiae (E.C. 3.2.1.20, Sigma Aldrich, Munich, Germany, 19.3 U/mg of solid, G5003). For this experiment, the OM in the soil materials was destroyed with 10% hydrogen peroxide (H 2 O 2 ), before the addition of the montmorillonite, to avoid the reaction of the enzyme with the natural soil OM. This was done to test solely the effect of the increasing montmorillonite content on the pEA. The montmorillonite was added in a logarithmic scale increasing the clay content as mentioned above. With these samples, the enzyme-clay mixture was prepared following the procedure of Gianfreda and Rao [31] . The commercial AG prepared in modified universal buffer (MUB) with pH 6 [32] was added to soil samples in a concentration of 12 U/mL (that is, 0.62 mg solid/mL according to the supplier). The soil-solution ratio was 0.04:1 (w/v) in accordance with Gianfreda and Rao [31] . Specifically, 0.25 g of soil was weighed into 6.25 mL MUB containing the AG (enzyme solution). This mixture was then allowed to stand at 4 • C for 1 h with shaking at 10 min interval. Subsequently, the soil with the enzyme solution was then centrifuged with 32R centrifuge (Universal 32R) at a speed of 1753 g at 4 • C temperature for 30 min. The supernatant was discarded and the precipitate was washed with the MUB. For this, the precipitate was resuspended in 6.25 mL MUB and centrifuged again. This is henceforth referred to as the enzyme clay mixture. The enzyme-clay mixture was then resuspended in MUB in a final volume of 30 mL to adapt with EA measurement method by Deng, et al. [32] . The pEA of AG was determined in the suspensions of enzyme-clay mixture and in the enzyme solution.
In the second experiment, we incubated the same soils as in the first experiment with increasing montmorillonite contents. Unlike in the first experiment, enzymes were not added to the soil but produced by the resident microbial community. The activity of the resident microbial community was stimulated by the addition of two different sources of organic carbon (OC) differing in decomposability, i.e., starch (S4126, Sigma Aldrich, Germany and cellulose (S3504, Sigma Aldrich). Following a pre-incubation of around 6 month to reduce the amount labile C as much as possible and to allow the resident microbial community to adapt to the different montmorillonite contents, the soil samples were divided into three parts: one part without OC addition and the other parts were amended with starch or cellulose (1 mg C g −1 soil) and 10 µg ammonium nitrate (NH 4 NO 3 ) g −1 soil (to prevent nitrogen limitation). The manipulated soils (200g dry soil) were incubated under controlled conditions (20 • C, 50% of the water holding capacity) for 10 days. Earlier studies have reported that the highest pEA was already reached within 10 days or even started to decrease compared to the first day [33] . For this reason and due to our focus on the initial microbial response to the increased montmorillonite contents regarding pEA after stimulation of the microbial community, we limited the present study to 10 days of soil incubation. The soils with no montmorillonite addition as well as soils with no OC additions were used as controls. Overall, 12 treatments were studied (4 soil treatments (+0%, +0.1%, +1%, and +10% montmorillonite addition) x 3 OC treatments (without and 2 with OC (starch or cellulose) addition)). All treatments were destructively sampled for the analyses of 3 EEs important for carbon cycling, the AG, β-glucosidase (BG) and cellobiohydrolase (CB), and one important enzyme for the cycling of nitrogen, aminopeptidase (AM), at different time steps, 0 (corresponding to 2 h after the addition of the OC), 3, and 10 days.
Enzyme Measurements
Enzyme analyses were carried out using fluorogenic substrates according to the description of Deng, et al. [32] . Methylumbelliferyl linked (MUF) substrates, α-d-glucopyranoside, β-d-glucopyranoside, β-d-cellobioside, and l-Leucine-7-amido-4-methylcoumarin hydrochloride (order numbers: 69591, Soil Syst. 2019, 3, 64 4 of 16 M3633, M6018, and L2145, Sigma Aldrich, Munich, Germany) were used for measuring the pEA of AG, BG CB and AM, respectively.
For the adsorption experiment, the pEA of AG was determined in suspension with the enzyme-clay mixture. The soil-solution ratio was adjusted to the protocol of Deng et al. (2011) , that is, 1:120 (w/v). Thus, 30 mL of buffer was added to the precipitates (enzyme-clay mixture) and homogenised before pipetting into the microplate. Microplates were measured fluorometrically (excitation 360 nm, emission 450 nm) for 60 min at 1-min intervals [34] using a microplate reader (Multi-Mode Microplate Reader SynergyTM HTX, Bio-Tek Instruments, Inc., USA). The kinetic parameters, K m and V max , of AG affected by adsorption were studied using nine different substrate concentrations, between 50 and 8000 µM and calculated according to the Michaelis Menten's equation (Equation (1)). Where v is the initial velocity (rate of reaction) at substrate concentration (S), V max is the maximum velocity and K m (Michaelis constant) is the substrate concentration at half of V max [35] . The kinetic parameters of AG were determined for the precipitate and the pure enzymes by fitting pEA data by Michaelis Menten's equation [34, 36] . For the AG activities, the pEA for 8000 µM substrate concentration was presented.
For the incubated soil (incubation experiment), the pEA of the four EEs, AG, BG (EC 3.2.1.21), CB (EC 3.2.1.91) and AM, which were naturally produced by the soil residence organisms were measured in the soil suspensions by mixing 1 g soil material with 120 mL sterile DI water and homogenised using a magnetic stirrer at the speed of 400 rpm instead of 600 rpm as stated in Deng et al. (2011) . For each of the EEs, 400 µM substrate concentration was used. Each enzyme analysis included standard, sample, sample control and substrate control (negative control/autohydrolysis) assay wells within a microplate [32, 37] . The fluorescence of the solution was determined at 360 nm excitation and 450 nm emission filters using a microplate reader.
For each treatment, enzyme analyses were carried out in three independent replicates. The pEA from both experiments was calculated based on standard curves of MUF according to German, et al. [37] . In order to adapt to the calculation of German, et al. [37] , quench assay was included following the same procedure as the standard wells with water used instead of soil suspension [32, 37] . The pEA data of commercially available AG added to soil are represented as µmol h −1 g −1 of soil dry weight and that of EEs measured in the natural soils as nmol h −1 g −1 of soil dry weight.
Statistical Analysis
We considered generalized linear model (GLM) to evaluate the variation in the pEA due to increase in the montmorillonite (MT) contents, OC addition and their interaction (MT:OC) in the soil samples. Separation and comparison of means for these variables, following a significant GLM model, were achieved with Tukey HSD-Test at p < 0.05. Considering montmorillonite contents and added OC as main explanatory factors and pEA as the response variable, we fitted separate models for each sampling day and EEs, with choice of error distribution depending on the normality of each subset of pEA dataset. For those that are normally distributed we choose Gaussian, and in case of a deviation from normality, Gamma was considered. To separate the effects of montmorillonite and OC, both were introduced as main factor into the same model with their interaction. For model results, assessment of significance and the corresponding p-value were realized by using likelihood ratio test of the full model against the NULL (a model with intercept only, where no explanatory variable was included) and other alternative models. In all cases, differences of p < 0.05 were regarded as statistically significant. The percentage of variability explained by individual factor (that is, MT, OC, MT:OC) in each model was calculated as a ratio of the variability due to this factor and the total variability among samples [38] . For all data presentation, we chose mean values and the corresponding standard error (S.E.) of the selected variables. All statistical data analyses were performed using R software for statistical computing version 3.4.4 [39] . 
Results
The pEA of AG Added to the Soil (Adsorption Experiment)
The increasing montmorillonite contents significantly reduced the pEA of the commercial AG, apart from the treatment +0.1% (Figure 1 ). The lowest pEA (3.85 µmol h −1 g −1 ) was recorded in the soil where montmorillonite contents were increased by +10%. In comparison to the soil with no montmorillonite addition, about 40% and 76% reduction in pEA (Figure 1 , inset) were due to the addition of 1% and 10% montmorillonite, respectively. 
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The pEA of AG Added to the Soil (Adsorption Experiment)
The increasing montmorillonite contents significantly reduced the pEA of the commercial AG, apart from the treatment +0.1% (Figure 1 ). The lowest pEA (3.85 µmol h −1 g −1 ) was recorded in the soil where montmorillonite contents were increased by +10%. In comparison to the soil with no montmorillonite addition, about 40% and 76% reduction in pEA (Figure 1 , inset) were due to the addition of 1% and 10% montmorillonite, respectively. The Vmax of the pure AG (i.e., not added to the soil) was one order of magnitude higher than the values obtained when added to soils ( Table 1) . The montmorillonite addition significantly reduced the Vmax and resulted in the lowest values for the 10% treatment. The Km of the soil with 10% montmorillonite addition was higher than the pure enzyme and all other treatments, however with no significant difference (Table 1 ). The V max of the pure AG (i.e., not added to the soil) was one order of magnitude higher than the values obtained when added to soils ( Table 1) . The montmorillonite addition significantly reduced the V max and resulted in the lowest values for the 10% treatment. The K m of the soil with 10% montmorillonite addition was higher than the pure enzyme and all other treatments, however with no significant difference (Table 1) . Table 1 . The effect of montmorillonite addition to soil on the kinetic parameters (V max and K m ) of α-glucosidase (AG) obtained in the enzyme-clay mixture. V max is expressed in µmol g −1 h −1 (* µmolh −1 ). K m values are provided in µM. 
Changes in the pEA of EEs during the Incubation Period (Incubation Experiment)
Both factors, the montmorillonite and OC type, as well as their interactions (MT:OC), had significant effects on the pEA for all EEs at day 0 ( Table 2 ). The relative importance of the clay content versus OC type and/or MT:OC on pEA varied over the course of the experiment, whereas the interactions between the clay content and the added OC explained up to 40 to 50% of pEA variation at day 10 ( Table 2 ).
Stimulation of the Microorganisms by OC Addition
The addition of the OC substrates (starch and cellulose) to the soil treatments successfully stimulated the production of EEs by the resident soil microorganisms with a significant increase in pEA activities compared to the control for all EEs measured at day 0 ( Figure 2) . Over the incubation time, a decrease in pEA was recorded compared to day 0 in soils where specific EE production was stimulated by the OC addition (Figures 2-4) . The OC addition explained between 37% and 83% of the variation in the pEA values at day 0 and 3 ( Table 2) . Apart from the AM, where both cellulose and starch addition caused an increase in pEA, the results showed an enzyme type-dependent increase after OC addition. Thus, the highest pEA was recorded for the AG in the soil with starch addition and for CB in the soil with added cellulose. The BG showed the highest pEA in the soils with cellulose ( Figure 2 ), whereas an increase in pEA was also found in the soil with starch addition. 
Effect of Montmorillonite Addition
The various montmorillonite contents explained 5 to 45% of the pEA variation for the incubation experiment ( Table 2 ). In soils without OC addition, no significant reduction in pEA with increasing montmorillonite contents were found (Figure 2 ). Furthermore, no considerable effect of increasing clay contents on pEA was observed in the soils where EEs were not involved in OC degradation e.g., AG in degradation of cellulose (see Figures 2-4 ). In soils with +10% montmorillonite content and OC addition we observed significantly reduced pEA of AG in the soil with starch addition, and for BG and CB, in the soil with cellulose addition by about 70%, 86%, and 80% (Figure 2) , respectively, at the beginning of the incubation. This reduction was in the same order of magnitude as found for AG in the adsorption experiment. However, over the incubation time a mismatch to this pEA inhibition by increased montmorillonite contents became obvious. After three days, the enzymes involved in C cycling (AG, BG, CB) showed higher pEA values in the soils with +10% montmorillonite content compared to the control with +0% montmorillonite addition (Figure 3 ). The soil with +10% montmorillonite addition showed the highest pEA after three days for AG and the highest pEA values for AM after 10 days (Figures 2-4) . 
The various montmorillonite contents explained 5 to 45% of the pEA variation for the incubation experiment ( Table 2 ). In soils without OC addition, no significant reduction in pEA with increasing montmorillonite contents were found (Figure 2 ). Furthermore, no considerable effect of increasing clay contents on pEA was observed in the soils where EEs were not involved in OC degradation e.g., AG in degradation of cellulose (see Figures 2-4 ). In soils with +10% montmorillonite content and OC addition we observed significantly reduced pEA of AG in the soil with starch addition, and for BG and CB, in the soil with cellulose addition by about 70%, 86%, and 80% (Figure 2) , respectively, at the beginning of the incubation. This reduction was in the same order of magnitude as found for AG in the adsorption experiment. However, over the incubation time a mismatch to this pEA inhibition by increased montmorillonite contents became obvious. After three days, the enzymes involved in C cycling (AG, BG, CB) showed higher pEA values in the soils with +10% montmorillonite content compared to the control with +0% montmorillonite addition (Figure 3 ). The soil with +10% montmorillonite addition showed the highest pEA after three days for AG and the highest pEA values for AM after 10 days (Figures 2-4 ).
Discussion
The Inhibitory Effect of Clay Minerals on the Potential Enzyme Activity
We found the expected reduction in pEA with increasing clay contents due to the addition of the clay mineral montmorillonite. Soil samples with a 10% montmorillonite addition yielded the highest reduction (ca. 76%) in the activities of the commercial AG (Figure 1 ). This result aligns with reports of earlier studies [18] [19] [20] 40] , where 29 to 83% reduction in pEAs were found for phosphatase, urease and proteases added to pure clay minerals in suspension, even though other enzymes were studied. This observed reduction in pEA was most likely due to higher EEs' adsorption with increasing clay contents. The inhibitory effect of clay minerals on pEA has been attributed to the adsorption capacity of clay minerals [41, 42] . In this study, we used montmorillonite, an expandable 2:1 clay mineral, which has a high affinity to adsorb EEs, when compared to other types of clay minerals [25] . As the effect on the EEs can be dependent on clay mineral type [20, 43] , it could be interesting to clarify the consistency of the pattern recorded in further studies involving other types of clay minerals.
Moreover, clay minerals can affect the pEA by conformational changes of the EEs [25, 44] . The binding between enzymes and clay minerals can disrupt the active site of the enzyme, preventing the binding of a substrate [45] . Depending on enzyme-clay mineral binding, clay minerals can be competitive, uncompetitive or noncompetitive inhibitors with different effect on the kinetic parameters (K m and V max ) of the enzyme [46] . We found decreasing V max values compared to the pure enzyme and with increasing clay contents with no significant differences among K m values for the adsorption experiment (Table 1) . Competitive inhibitors bind at the active site of the enzyme preventing the enzyme from substrate binding resulting in a raised K m , while the V max remains unchanged. An uncompetitive counterpart binds to the enzyme when substrate is bound to the enzyme and lowers both the V max and K m . While the non-competitive binds to the enzyme at a separate binding site, either in a free state or in association with the substrate and lowers the V max while the K m remains unchanged. Thus, based on our results montmorillonite can be considered as non-competitive inhibitor. In addition to the remaining pEA (Figure 1) , this underpins the hypothesis that the adsorbed AG still has the ability for OC degradation while bound to clay. However, less active clay minerals as kaolinite might act differently.
In the incubation experiment, the result obtained at day 0 in the soils amended with OC, generally matched with the expected trend of a reduced pEA upon adsorption on clay minerals for AG, BG, and CB. However, this initial inhibitory effect of clay minerals on pEA was not asserted for the later days. Consequently, this transient reduction in catalytic activity of the enzymes next to behaviour as non-competitive inhibitor points to a persistence of EE activity and/or a potential microbial adaptation due to enzyme-clay mineral binding.
Persistence of the EEs Due to Protection by the Clay Minerals
As the pEA reduced drastically with increasing montmorillonite contents compared to the control directly after OC addition, perhaps freshly produced EEs are more susceptible to adsorption on mineral surfaces. In this case, the freshly produced EEs adsorb onto clay minerals upon production by the microorganism, which then resulted in a pronounced pEA reduction ( Figure 2 ). Nonetheless, we found a higher pEA for the EEs (e.g., for BG) produced by the resident microbial community in soils with higher montmorillonite contents (+1 and +10%) during the incubation experiment at day 3. This could be an indication that the EEs adsorbed by the clay minerals might be stabilized by adsorption. As a cumulative effect of continuous production and adsorption, higher pEA occurred in the subsequent days as found in the case of AG in the soil with starch addition and BG in the soil with cellulose addition. Clay minerals have been suggested as potential support for prolonged catalytic activities of EEs in enzyme hybrid biocatalyst [17] . Furthermore, Tietjen and Wetzel [18] showed an increase in pEA of BG in solution with clay minerals (montmorillonite and Lake basin clay) and a decrease when the clay minerals were removed. Also within natural soils, the clay-sized fraction was found to be associated with high enzyme activities [34] , pointing to stabilisation of EEs with prolonged activities. In this case, it needs to be kept in mind that we report pEA activities measured in soil suspension, which implies that the resulting pEA originated from both the adsorbed and free EEs. However in soils, EEs are most likely rarely free in solution [7] . Thus, the pEA usually measured in soils is indicative of an overall enzyme concentration [10] . This points to a cumulative effect resulting from a continuous or even an increased enzyme production, especially when ca. 70 to 80% of the EE activity could be switched off by adsorption to clay minerals. Nevertheless, further research is required to gain more insight into the question, if increased clay mineral contents foster an increased EE production and/or are responsible for retaining the catalytic properties of the EEs after adsorption and if so, for how long. A combination of protein extraction and determinations coupled with metagenomics and visualization techniques using sterilized soil with known microorganism and a variety of natural soils might be useful to gather more information about this question.
Potential Microbial Adaptation to Reduced Potential Enzyme Activities
Even though we learned from the adsorption experiment, that increasing montmorillonite contents reduced the pEA, soils without OC addition (starch, cellulose) and increasing montmorillonite at later incubation times did not show a corresponding reduction ( Figure 2 ). Moreover, increasing montmorillonite contents resulted in increasing pEA at certain points during the incubation experiment. Wei, et al. [47] also found higher pEA in artificial soils with increased clay minerals contents. According to Wardle [48] , soils with high clay contents tend to promote biomass build-up upon substrate addition, when compared with corresponding, coarser-textured soils'. Thus, the higher enzyme activities could result from increased microbial biomass, as found by Wei et al. [47] . However, it was also indicated that montmorillonite stimulates microbial biomass and activity mainly due to its buffering capacity [49, 50] and related increases in pH values, which has been the case for Wei et al. [47] . Although a direct relationship between increasing enzyme activities and microbial biomass cannot be excluded, an increase in microbial biomass is unexpected as we kept the pH the same for all treatments.
An alternative explanation, not mutually exclusive, might be that microorganisms adapt to decreased pEA with a partial compensation of the pEA reduction. Such a microbial adaption to increasing clay mineral content and decreasing pEA could explain the mismatch between the results of our adsorption and an incubation experiment. Similar observations were done by Adamczyk et al. [12] , although the authors studied the inhibitory effect of tannin. The authors also suggested a response of the soil microbial population, which potentially secreted more de novo synthesized enzymes over time. Our result might equally imply an adaptation of soil microbial community, for example, through further EEs production when the initially produced enzymes and/or cleaved substrate are adsorbed by clay minerals. Maybe an increased production of EEs by microorganisms becomes a strategy to compensate for the adsorption effect of clay mineral and/or to maximize a substrate return on the energy investment towards the production of enzymes within the soil matrix. Allison, et al. [51] claimed that soil physical properties, nutrient availability, and competitive interaction alter enzyme production, given the cost-to-benefit ratio. It is supposed, even if it sounds paradox from an energetic point of view, that nutrient limitation could stimulate an increased EEs production [52, 53] . This has also been found for pure cultures [54] . Thus, it seems to be reasonable to assume that other factors such as soil physical constraints (accessibility) might influence the EEs production. In particular, clay minerals that adsorb EEs, and alter their activities and accessibilities, might in turn control EEs production.
In addition to that, the same functional-enzyme type can be produced by different microorganisms or strains of a particular microorganism [55] . Thus, the same EEs from different sources could differ in their response to the environmental conditions or in their affinity for surfaces [24, 56] . For instance, Kedi, et al. [56] studied the adsorption of three phosphatases produced from two strains Hebeloma cylindrosporum and one Suillus collinitus in tropical soils. Their results showed diversities in the adsorption of the two fungi phosphatases on soils with a considerable divergence between the enzymes. The authors described Suillus phosphatase as more pH-dependent in its affinity to soil and loss of activity upon adsorption than Hebeloma phosphatase. This suggests a divergence in the response of the same functional-enzyme type to presumably similar environmental conditions. Thus, such microbial adaptation to increasing clay mineral contents by a functional shift towards microbial strains with advantages for more viable enzyme production under the condition of high clay contents could also be conceivable as explanation for our results.
Furthermore, the production of extracellular polymeric substances was suggested to prolong the activity of enzymes [57] . The production of such compounds could, therefore, be assumed to serve as another valid adaptation strategy to increasing clay contents with high adsorption potential, which could explain our findings.
If these microbial adaptations to higher clay contents hold true in the way that microorganisms either produce more EE or save their enzymes by the production of other microbial organic compounds, these microbial-derived constituents would most likely contribute to soil OM storage [58] . Thus, microbial adaption might be an important process responsible for the often observed increasing C storage with increasing clay content.
Conclusions
Our study implies three key findings, firstly, montmorillonite contents caused an inhibitory effect on pEA. Secondly, the inhibitory effect was only discernible when microorganisms were stimulated by the OC addition, thus corresponded with stimulated EEs production by the resident microorganisms. Thirdly, the reduction in pEA due to increased montmorillonite contents was partly overcome during the incubation. Accordingly, clay minerals could support EEs by stabilisation, as a higher pEA was found in soil with higher montmorillonite contents at later days. The observed pEA sustainment at later stages of the incubation might indicate a cumulative effect of sustaining the functionality of the enzyme upon adsorption and/or a microbial adaptation e.g., a stimulated microbial enzyme production. Our results point to the need for gaining an advanced understanding of enzyme-clay mineral relationships and the subsequent microbial responses beyond the consecutive adsorption effect of clay minerals. Until now, the extent of EEs activities in adsorbed states are still not fully resolved, even when it is important to gain a better understanding of the extracellular components of soil OM decomposition. Meanwhile, strong uncertainties exist about the balance between substrate and microorganism encounter rate within the soil structure. It is not known how this is influencing the microbial energy costs to carry out and maintain their enzymatic apparatus. In further studies, the microbial response to the EEs-clay association and their implications for OM turnover and storage should get more attention. We would like to encourage more studies that take into account the clay mineral influence on the source of production (microorganisms) as well as the stabilisation effect of clay minerals on the EEs activities. These relationships might be important for OM storage and dynamics in soils and could be one step to providing more information about microbial processes controlling carbon stabilisation in soils.
